Iron deficiency anemia (IDA) is common among infants and children in Sub-Saharan Africa and is a leading contributor to the global burden of disease, as well as a hindrance to national development. In-home iron fortification of complementary foods using micronutrient powders (MNPs) effectively reduces the risk for IDA by ensuring that the iron needs of infants and young children are met without changing their traditional diet. However, the iron dose delivered by MNPs is high, and comparable on a mg iron per kg body weight to the supplemental doses (2 mg/kg) typically given to older children, which increases diarrhea risk. In controlled studies, iron-containing MNPs modestly increase risk for diarrhea in infants; in some cases, the diarrhea is severe and may require hospitalization. Recent in vitro and in vivo studies provide insights into the mechanism of this effect. Provision of iron fortificants to school-age children and iron-containing MNPs to weaning infants decreases the number of beneficial 'barrier' commensal gut bacteria (e.g., bifidobacteria), increases the enterobacteria to bifidobacteria ratio and abundances of opportunistic pathogens (e.g., pathogenic Escherichia coli), and induces gut inflammation. Thus, although iron-containing MNPs are highly effective in reducing IDA, they may increase gastrointestinal morbidity in infants, and safer formulations are needed.
Iron Deficiency Anemia in Africa
The World Health Organization (WHO) estimates that 62.3% of preschool children in Africa are anemic [1] , and it is thought that about 50% of anemia cases in Africa are due to iron deficiency [2] . Anemia is particularly high in infants during the weaning period (i.e., after six months of age) for several reasons: inadequate iron stores at birth due to low birth weight, prematurity, lack of delayed umbilical cord clamping, and maternal anemia; increased requirements for rapid growth and erythropoiesis due to blood loss from parasitic infections; high infection burden (e.g., malaria) that increases hepcidin and reduces iron absorption and utilization; and insufficient bioavailable iron in complementary foods [3] . In rural Kenya, 71% of six month old infants are anemic, mostly due to iron deficiency [4] . Iron deficiency anemia (IDA) is one of 10 leading global risk factors for disease, disability, and death, much of this occurring in young children [5] . IDA impairs cognitive and motor development in infants and young children [6] , and this may be irreversible or only partially reversible by later provision of iron [7, 8] . Because IDA during early childhood may reduce IQ, it has not only serious health costs but also economic consequences and it is therefore an obstacle to national development [6, 9] . It is estimated that if iron fortification could reach 50% of the population in the WHO African sub region, it would likely avert 570,000 disability adjusted life years (DALYs) annually [10] . In an analysis of 10 developing countries, the median value of annual productivity losses due to IDA was ≈US $0.32 per capita, or 0.57% of the gross domestic product [9] . Infants from the poorest families are the most vulnerable, and it is they who stand to gain the most by its reduction [3] . Thus, IDA is a leading cause of disability and a hindrance to development in Sub-Saharan Africa, and effective and safe interventions are urgently needed.
Iron-Containing Micronutrient Powders
Provision of sufficient dietary iron during the weaning period of infancy is challenging, because breast milk contains little iron [11] , and complementary foods are mainly carbohydrates and/or legumes and typically rich in iron absorption inhibitors (e.g., phytic acid, polyphenols). In-home iron fortification, where the caregiver adds vitamins and minerals to weaning foods at home using micronutrient powders (MNPs) containing iron reduces IDA risk in African infants, even in areas with high prevalence of infection and inflammation [12] [13] [14] [15] . The most widely-used MNP is the "Sprinkles" formulation; it provides a high dose of 12.5 mg iron/day in order to deliver adequate absorbed iron even when added to complementary foods rich in inhibitors of iron absorption. The WHO concluded that home fortification with MNPs is an effective intervention to reduce IDA in children 6 to 23 months of age [16] , and can be as effective as iron supplements [17] . Currently, in-home MNP fortification programs are in place or planned in 36 countries worldwide including 10 in Sub-Saharan Africa [18] . However, the safety of high dose iron MNPs is uncertain. A controlled trial among Tanzanian preschool children showed that oral iron supplements (12.5 Fe mg/day, the same dose as in the "Sprinkles" MNP) increased the risk of serious adverse events, hospitalizations, and mortality [19] . A subsequent WHO consultation examining the trial did not recommend the use of high dose iron MNPs in malaria-endemic areas because of concerns about potential increases in infection [20] .
A low-iron dose MNP ("MixMe") has been developed containing 2.5 mg Fe as sodium iron ethylenediaminetetraacetate (NaFeEDTA), as a potentially safer alternative to MNPs that contain 12.5 mg Fe/day [21] . NaFeEDTA is a chelated form of iron that has high bioavailability in inhibitory food matrices, and is a WHO recommended iron fortificant for inhibitory foods [22] . However, the current Acceptable Daily Intake (ADI) for EDTA limits the iron dose that can be provided by NaFeEDTA for infants to only 2-3 mg iron per day. In the "MixMe" MNP, NaFeEDTA is given with ascorbic acid and phytase, two enhancers of iron absorption [23] . This formulation improves iron absorption from inhibitory food matrices like maize porridge [21] but has shown weak efficacy in school-age children in South Africa [13] and preschool children in Kenya [14] . We recently reported that the "MixMe" MNP did not significantly reduce IDA in a one year controlled trial in six month old Kenyan infants [4] , likely because the absorbed iron dose was inadequate due to the high prevalence of infections reducing absorption and the low iron dose did not cover the increased iron requirements for rapid growth and erythropoiesis in weaning infants. Thus, it is unclear how low the MNP daily iron dose can be to retain efficacy against anemia but at the same time reduce the adverse impact on the gut by reducing the amount of unabsorbed iron that enters the colon. We recently demonstrated that a dose of 6 mg of iron as ferrous sulfate or NaFeEDTA administered with food to adults did not generate non-transferrin bound iron (NTBI), a potentially toxic form of unbound iron in serum generated by higher iron doses [24] .
Iron Intake and Diarrhea
Increasing iron intake through supplementation or MNPs may increase diarrhea in infants and children. A study of iron-fortified infant formula reported a significantly higher diarrhea incidence in infants receiving iron-enriched milk for six months [25] . In an early systematic review of controlled trials of iron supplementation and fortification, provision of iron predicted an 11% greater risk of diarrhea (p = 0.04) [26] . In that review, four food fortification studies reported diarrheal outcomes, where three studies provided iron-fortified infant formula [25, 27, 28] and one provided an iron-fortified infant food [29] ; only one reported a significantly higher incidence of watery diarrhea in infants receiving iron-enriched milk for six months [27] . In a controlled trial in infants given iron supplements from six to nine months, iron increased the risk of diarrhea in those infants with Hb ≥ 110 g/L [30] . Controlled iron supplementation trials (12.5-15 mg Fe/day) in Peru [31] and Bangladesh [32] reported a significant increase in diarrhea. Two very large trials of iron (with folic acid) supplementation in Nepal [33] and Tanzania [19] , in which children aged 12 to 35 months received 12.5 mg Fe/day and infants aged 1 to 11 months received 6.25 mg Fe/day, reported cause-specific mortality and diarrhea incidence as secondary outcomes. In Nepal, there was a nonsignificant 21% increase in the risk of death from diarrhea in the iron group (RR 1.21, 95% CI 0.66-2.11), but no difference in diarrhea incidence (RR 0.94, 95% CI 0.84-1.05) [33] . In Tanzania, there was no significant increase in diarrhea incidence with iron (RR 0.92, 95% CI 0.68-1.25) [19] . In a recent systematic review of randomized controlled trials of daily oral iron supplementation (mainly with ferrous iron) in children 4-23 months of age, iron significantly increased vomiting (RR 1.38, 95% CI 1.10-1.73) and fever (1.16, 1.02-1.31), but in the six trials that assessed diarrhea, iron did not increase the risk of diarrhea prevalence (RR 1.03, 95% CI 0.86-1.23) or diarrhea incidence (rate ratio 0.98, 95% CI 0.88-1.09) [34] . In a 45-week intervention study of multiple micronutrient supplementation (containing 18 mg iron as ferrous fumarate) with or without zinc among Tanzanian children (aged 6 to 60 months) with a baseline height-for-age z-score <−1.5 SD, the micronutrient group had more diarrhea (hazard ratio 1.19 95% CI 0.94-1.50), particularly in children with asymptomatic giardiasis at baseline (2.03; 1.24-3.32) [35] .
In a double-blind, cluster randomized trial of Ghanaian children aged 6 to 35 months (n = 1958) conducted over six months (five months followed by one month of further monitoring), children received a MNP with 12.5 mg Fe/day or a MNP without iron. During the intervention period, there were significantly more hospital admissions with iron (RR 1.23, 95% CI 1.02-1.49) and based on the outpatient register, 83% of the additional cases in the iron group were due to diarrhea; however, this was not significant (RR 1.12, 95% CI 0.86-1.46) [36] . The largest safety study of MNPs to date was a cluster randomized trial in Pakistani infants (n = 2746) aged 6 to 18 months who were assigned to a control group, or to receive a MNP containing 12.5 mg iron with or without 10 mg of zinc for 12 months [37] . The incidence risk ratios (IRR) (95% CI) comparing the control group to MNP with and without zinc were: for bloody diarrhea, 1.63 (1.12-2.39) and 1.88 (1.29-2.74) (p = 0.003); for severe diarrhea (≥6 stools per day), 1.28 (1.03-1.57) and 1.17 (0.95-1.45) (p = 0.07); for admission to hospital with diarrhea, 1.30 (0.71-2.38) and 1.01 (0.54-1.90) (p = 0.63). The difference in incidence for bloody diarrhea between the MNP groups and the control group was ≈0.08 per child year which corresponds to one additional episode of bloody diarrhea per year for every 12 to 13 children treated with MNPs. After 18 months of age, when supplementation ceased, in the following six month observation period, there was no difference in bloody diarrhea or severe diarrhea comparing the groups. This is the first large-scale study of MNPs to systematically collect morbidity data during 12 months of supplementation; most previous studies of MNPs had shorter durations, typically two to four months, and did not collect morbidity data through regular household surveillance. In a systematic review on the effectiveness of MNPs in children, Salam et al. (2013) [38] included 17 studies that evaluated the impact of MNP versus no intervention or control. Most of the studies were done on children aged six months to six years of age in developing countries, and most were effectiveness trials evaluating the impact of MNPs in community settings. MNPs were found to be associated with a significant increase in diarrhea (RR 1.04, 95% CI 1.01-1.06) but did not significantly increase the risk of fever. However, it should be emphasized that most studies assessed impacts on nutritional status only and did not rigorously monitor morbidity. Therefore, the available data are equivocal but suggest oral iron supplements and iron-containing MNPs may modestly increase risk for diarrhea in infants. This may be an important risk, as diarrhea contributes to the death of ≈ one in nine under five-year-old children in Sub-Saharan Africa [39] .
Iron and the Gut Microbiome
Because excess body iron can be toxic and there is no active pathway of iron secretion, iron absorption from the diet is carefully regulated. Fractional absorption of iron from fortificants or supplements is low, particularly when given with complementary foods rich in phytic acid, a potent inhibitor of iron absorption. Typically, <20% of iron added to these foods is absorbed [3, 40] . In rural African populations with high levels of inflammation and infection, absorption is likely to be even lower, as inflammation increases circulating hepcidin and this further reduces iron absorption [41] . Although increasing dietary iron through fortification or supplementation will deliver more absorbed iron, most of the additional iron passes unabsorbed into the colon. A breast feeding infant receives very little iron in breast milk; concentrations in mature milk are ≈0.47 mg/L [11] . Introduction of an iron containing MNP with 12.5 mg of iron will typically result in more than 10 mg of unabsorbed iron entering the colon each day, a ≈30-fold increase compared to breast milk alone, that provides only about 0.25-0.35 mg Fe/day.
Iron is an essential, growth-limiting nutrient for many gut bacteria, competing for unabsorbed dietary iron [42] . For most enteric gram-negative bacteria (e.g., Salmonella, Shigella or pathogenic Escherichia coli), iron acquisition plays an essential role in virulence and colonization [43, 44] . Commensal gut bacteria belonging to the genera Lactobacillus and Bifidobacterium provide an important 'barrier effect' against colonization by pathogens [45] , and in contrast to most enteric gram-negative bacteria, lactobacilli do not require iron, but instead rely on manganese [46] . Lactobacilli do not produce siderophores to sequester iron and their growth is similar in media with and without iron [47] . Bifidobacterium breve, an important Bifidobacterium species in breast-fed infants, can sequester luminal iron using a divalent metal permease [48] but the majority of Bifidobacterium species do not produce siderophores or other active iron carriers. An increase in unabsorbed dietary iron through fortification or supplementation may modify the colonic microbiota equilibrium and favor growth of pathogenic strains over these healthy 'barrier' strains.
In animal models, iron deprivation increases fecal total anaerobes, Enterococcus spp., as well as lactobacilli [49, 50] . In rats, we recently reported that iron deficiency increased Enterobacteriaceae and Lactobacillus/Leuconostoc/Pediococcus spp., but reduced Bacteroides spp. and Roseburia spp./Eubacterium rectale; fecal propionate and butyrate were also significantly decreased [51] . Iron supplementation partially reestablished original gut microbiota composition and led to a full recovery of metabolic activity. Although the rodent gut microbiota differs from that of humans, these studies demonstrate that varying colonic iron leads to major shifts in microbiota abundances in the gut and modifies metabolic activity [51] .
The use of in vitro gut fermentation models allows investigation of the gut microbiota without effects of the host and other environmental factors via highly controlled parameters [52] . The in vitro continuous colonic fermentation model using immobilized child gut microbiota can be used to study the impact of dietary changes on the gut microbiota [53] [54] [55] [56] [57] . This model provides high cell density, biodiversity, and long-term stability due to the immobilization of the gut microbiota in gel beads reproducing the free cell and sessile bacterial populations in the colon. Using this system, we have studied the impact of iron deficiency and iron supplementation on immobilized healthy Swiss infant fecal microbiota. Fermentation effluent samples were analyzed daily for their microbial composition and metabolites by targeted real-time quantitative PCR (qPCR), 16S rRNA gene 454-pyrosequencing, and HPLC. Low iron conditions decreased Roseburia spp./E. rectale, Clostridium Cluster IV members, and Bacteroides spp. while Lactobacillus spp. and Enterobacteriaceae increased consistently with a decrease of butyrate (−84%) and propionate (−55%) [58] . However, high iron conditions had no discernible impact on the gut microbiota composition and metabolic activity in comparison to normal iron conditions. An important limitation of this model is that it does not take into account host factors, such as the local (i.e., mucosal) or systemic response to varying iron exposure and/or iron-induced changes in the gut microbiota. In agreement with animal studies, these findings suggest habitually low intake of iron may cause a dysbiosis of the gut microbiota and decrease short chain fatty acid production; this may weaken the gut barrier to potential pathogens, emphasizing the importance of the right balance of iron in the diet.
In a controlled trial of iron fortification in Côte d'Ivoire [59] , we determined the effect of iron fortification on gut microbiota and inflammation. In this six month, randomized, double-blind, controlled trial, 6 to 14 years old Ivorian children (n = 139) received iron-fortified biscuits, which provided 20 mg Fe/day, 4 times/week as electrolytic iron or non-fortified biscuits. At baseline, there were greater numbers of fecal enterobacteria than that of lactobacilli and bifidobacteria. Iron fortification was ineffective; there were no differences in iron status, anemia, or hookworm prevalence at six months. However, there was a significant increase in the number of enterobacteria, a decrease in lactobacilli, and a significant increase in fecal calprotectin, a marker of gut inflammation [60] , that correlated with the increase in fecal enterobacteria, in the iron group. This study was the first to show that anemic African children carry an unfavorable ratio of fecal enterobacteria to bifidobacteria and lactobacilli, which is increased by iron fortification. Thus, iron fortification in this population produced a potentially more pathogenic gut microbiota profile and gut inflammation. In contrast, in a recent high dose iron supplementation trial with South African schoolchildren residing in an area with an improved water supply and a lower risk of contaminated food, there were no significant effects on gut inflammation (as measured by fecal calprotectin) or on the gut microbiota [61] . The contrasting data in these two studies suggest that the adverse effects of iron on the gut in children are more pronounced in settings where the hygiene standards are low and the microbiome is likely to be populated by opportunistic pathogens.
Studies of Iron-Containing MNPs and Infant Gut Microbiota in Africa
Colonization of the human gut begins at birth and depends on many factors, including the mode of delivery (vaginal versus Caesarean), maternal antibiotic use around delivery, hygiene, and prematurity [62] . The relatively simple gut microbiota of breast-fed infants further diversifies during complementary feeding [63] . In a study comparing the gut microbiota among infants from the US, Venezuela, and Malawi, a common pattern was the dominance of bifidobacteria through the first year after birth, where afterwards bifidobacteria numbers fall steadily leading to the establishment of an adult-like gut microbiota at about 3 years of age [64] .
We recently performed a controlled intervention using iron-containing MNPs in Kenyan infants consuming home-fortified maize porridge daily for four months [65] . We performed two randomized controlled trials in six month old infants (n = 115): in the first, infants received a daily dose of the MNP containing 2.5 mg iron as NaFeEDTA or the MNP without iron; in the second, they received a different MNP containing 12.5 mg iron as ferrous fumarate or the MNP without iron. The primary outcome was gut microbiome composition analyzed by 16S pyrosequencing and qPCR. Secondary outcomes included fecal calprotectin and incidence of diarrhea. We analyzed the trials separately and in combination. In terms of the efficacy of the iron intervention, there was a significant treatment effect of the MNP containing 12.5 mg iron on body iron (p = 0.001), serum ferritin (SF) (p = 0.004), soluble transferrin receptor (sTfR) (p = 0.008), and zinc protoporphyrin (ZPP) (p = 0.039). In contrast, there was no significant treatment effect of the MNP containing 2.5 mg iron on any of the iron status indicators. In accordance with previous studies on the human gut microbiota [66] [67] [68] [69] , the four dominant phyla in the infants at baseline were Actinobacteria (63%, mainly Bifidobacteriaceae), Firmicutes (22%), Bacteroidetes (9%), and Proteobacteria (4%). There was a very high prevalence of potential enteropathogens in the gut of the infants. From all analysed fecal samples during the study, we detected Bacillus cereus in 39.5%, Staphylococcus aureus in 65.4%, Clostridium difficile in 56.5%, members of the Clostridium perfringens group in 89.7%, and Salmonella in 22.4% of the samples. Furthermore, we detected enteropathogenic E. coli (EPEC) in 65.0%, enterotoxigenic E. coli producing heat-labile toxin (ETEC LT) in 49.2%, ETEC producing heat-stable toxin (ETEC ST) in 7.0%, enterohaemorrhagic E. coli producing shiga-like toxin 1 (EHEC stx1) in 9.6%, and EHEC stx2 in 8.5% of the samples. There was a significant increase in enterobacteria, particularly Escherichia/Shigella, the enterobacteria/bifidobacteria ratio, and Clostridium spp. in the iron groups compared to the control. There was a significant treatment effect on the sum of the pathogenic E. coli at endpoint (p = 0.029), with higher concentrations in the iron groups (6.0 ± 0.5 log gene copy number/g feces) versus (4.5 ± 0.5) in the no iron groups. Abundances of closely related species can predict susceptibility to intestinal colonization by pathogenic bacteria [70] . The increase in enterobacteria with iron may have encouraged colonization by potentially pathogenic members of the genus Escherichia/Shigella spp., evidenced by the higher abundances of this genus in the iron groups at endpoint, and in particular of pathogenic E. coli. Gut inflammation, assessed by fecal calprotectin, was significantly higher in infants receiving iron (229.2 ± 1.9 µg/g) than in the no iron groups (123.3 ± 2.1 µg/g) (p = 0.002). There were no significant differences in fecal acetate, propionate, or butyrate concentrations between the iron and no iron groups during the intervention. During the trial, 27.3% of infants in the iron-containing MNP groups required treatment for diarrhea versus 8.3% in the no iron groups. This controlled study demonstrates that provision of iron-containing MNPs to African infants causes an adverse shift in the gut microbiome, increases gut inflammation, and abundances of enteropathogens.
This review focuses on the effects of iron on the gut microbiome, but it should be noted that higher iron intakes may increase the risk of diarrhea and enteropathogen infections through other mechanisms [71] . These include increased permeability of the small intestine with iron supplementation [72] [73] [74] , metal-induced formation of free radicals and increased oxidative stress [75] , and/or iron impairment of the immune response to pathogens [76] .
There is an urgent need to find safer formulations of iron fortification for African infants. This could be done in several ways. First, it is possible that the iron dose in MNPs could be reduced from the current level of 12.5 mg Fe/day to 5-6 mg Fe/day, while maximizing absorption, in order to reduce the amount of iron entering the colon. This could be done by including components in the MNP sachet that enhance iron absorption, such as iron in the form of NaFeEDTA, ascorbic acid, and/or an exogenous phytase. In children aged 24 to 31 months, comparing 4 mg iron as ferrous sulfate (FeSO 4 ) or a mixture of 2 mg each of iron as FeSO 4 and NaFeEDTA, iron absorption was ≈50% higher from the food fortified with the 1:1 mixture of FeSO 4 /NaFeEDTA than from the food fortified with FeSO 4 [77] . Secondly, the MNP could include components that mitigate the adverse effects of fortification iron on the gut microbiome, such as a prebiotic, that could maintain/promote growth of the beneficial 'barrier' bacteria. Human milk oligosaccharides (HMOs) are natural prebiotics found in rich amounts in human breast milk [78] [79] [80] that support growth of beneficial commensals, such as bifidobacteria, in the infant gut. During weaning, as breast milk is gradually replaced by complementary foods, intake of HMOs fall; addition of another prebiotic to MNPs, such as galacto-oligosaccharides (GOS) might be beneficial. GOS is a well-established prebiotic with increased selectivity towards Bifidobacterium spp. that express a higher activity of β-galactosidase than many other bacteria colonizing the colon. Lactobacilli can also utilize GOS and express high levels of β-galactosidase [81] . Therefore, GOS increases the population of bifidobacteria and lactobalcilli, may increase short chain fatty acid production [82] , and decrease gut pH [83] , thereby providing a less favorable growth environment for enteric pathogens and enhancing the barrier against their colonization of the infant gut.
In conclusion, more research is needed to better understand the effects of varying nutritional iron on the gut environment and gut microbiota of infants and children from low-income countries, and to improve the safety profile of MNPs. These studies should be prioritized as in-home fortification programs with MNPs are already in place or planned in 36 low-and middle-income countries including 10 in Sub-Saharan Africa [18] .
